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Introduction
In theory, to have a strong and selective receptor for any guest molecule, all chemists have to do is to build a receptor encoded with supramolecular information (i.e., "codes") to match the guest precisely: a hydrogen-bond donor on the guest, for example, should be matched with a hydrogen-bond acceptor on the host in the right place; a hydrophobic group on the guest is best accommodated by a hydrophobic pocket with the right shape and size on the host. The receptor should be preorganized [1] for binding to minimize energy-costing conformational changes. [2] Ideally, it should be poorly solvated prior to interacting with the guest to lower the burden of desolvation during binding. While the above principles of complementarity and preorganization have worked successfully for many small molecules as seen in the tremendous advancement in supramolecular chemistry in the last decades, [3] chemists have not been able to use them to solve one of the most important problems in chemistry and biology-sequence-selective molecular recognition of peptides in water. [4] Although nature knows how to deal with this problem exactly and use the recognition to accomplish numerous biological processes, [5] several practical challenges have prevented chemists from having a general method for peptide recognition until recently.
To bind a peptide in a sequence-selective manner, its receptor not only needs to recognize its chain length but, more importantly, the 20 possible side chains for each residue. Unfortunately, some of these side chains are very similar. Leucine (L) and isoleucine (I), for example, differ by the position of a single methyl group. Glutamic acid (E) has one extra methylene than aspartic acid (D), and tyrosine (Y) has one extra hydroxyl in comparison to phenylalanine (F). Together with a limitless number of ways to combine these 20 building blocks, peptide recognition becomes a mind-boggling supramolecular challenge.
One also has to consider another factor-the medium in which peptide recognition has to occur. Biology functions in the aqueous environment. Water, however, is notoriously "unfriendly" toward traditional supramolecular tools. Chemists are very good at using directional noncovalent forces such as hydrogen bonds for molecular recognition, but these tools are severely compromised in water because the solvent molecule itself is an excellent hydrogen-bond donor and acceptor. [6] The third challenge lies in the design and synthesis of a preorganized, guest-complementary host. Generally speaking, in order to engage in multipoint noncovalent interactions with the guest, the host is best concave in shape and, as mentioned above, possesses the correct supramolecular information to match those on the guest. The requirement is often met with a covalently framed macrocycle with appropriate functional groups for a small molecule guest.
[3] As the guest gets larger, however, this strategy points to a host unduly complex, especially if additional water-solubilizing groups are to be installed for aqueous solubility. For a peptide with 10 to 20 amino acids, this approach quickly becomes impractical, especially if the receptor has to be designed rationally from bottom up and built step-bystep through total synthesis. Motivated by the great significance of the problem and the difficult challenges involved, chemists over the years have constructed many peptide-binding materials using various supramolecular platforms. Some researchers targeted acidic and basic amino acids because their side chains were recognized supramolecular handles. [7] Others focused on aromatic amino acids such as tryptophan (W) and phenylalanine because their side chains could fit into macrocycles [7a, 8] such as cyclodextrin [9] or self-assembled nanocages. [10] Other interesting platforms for peptide recognition include pseudopeptidic cages [11] , molecular tweezers and clips, [12] and gold nanoparticles. [13] The Urbach group in particular did extensive studies with cucurbiturils for binding aromatic peptides. Cucurbit [8] uril (Q8), having a hydrophobic cavity and carbonyl-lined portals, was found to bind N-terminal aromatic peptides such as Try-Gly-Gly and Phe-Gly-Gly as dimers. [14] In the presence of methyl violgoen, Q8 displayed particular selectivity for peptides with an N-terminal tryptophan. [15] Tripeptide Tyr-Leu-Ala, with its aromatic group and the folded neighboring side chain inserted into the Q8 cavity, gave an impressive dissociation constant (Kd) of 7.2 nM in water. [16] Prof. Dr 
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Although most early studies focused on short peptides (<tetramer), the research demonstrated how multipoint interactions could be used to recognize these sophisticated guest molecules and how guest-complementary binding sites could be built with different covalent frameworks. The nanomolar binding affinities obtained in water, although only for isolated cases, represent extremely promising results and make it possible to use synthetic receptors for biological applications, [17] including recognition of proteins. [4b, 18] Not only peptides but also their biological derivatives such as methylated lysine or arginine could be targeted. [19] Molecular imprinting takes a very different approach to creating receptors from step-by-step molecular synthesis.
[20] In its traditional embodiment, a covalent or noncovalent complex is first formed between the template (often the guest molecule itself) and polymerizable functional monomers (FMs). The template-FM complex is then co-polymerized with a large amount of a cross-linker to create a rigid polymeric matrix. Removal of the template molecules from the matrix leaves behind binding sites potentially complementary to the templates. The FMs during polymerization turn into binding groups installed in the binding site for the template. Thus, although the principles of preorganization and complementarity are still used in the formation of molecularly imprinted polymers (MIPs), the binding sites are formed by easy-to-perform polymerization and a spontaneous imprinting process, much quicker compared to the step-by-step construction of molecular receptors. If the process works successfully, individual design of the receptor is eliminated, as the imprinting process automatically tailor-makes the binding pocket for each template. The many potential benefits of molecular imprinting prompted researchers to explore its potential in peptide recognition. [21] One of the earliest templates used in the noncovalent imprinting was amino acid derivatives. [22] Because of their high cross-linking density (to maintain the integrity of the imprinted binding site) and insolubility, conventional MIPs were often used for chromatographic separation, [21a] solid-phase extraction, [21b, 21c] or selective adsorption of peptides. [21d, 21e] To improve the biological compatibility of MIPs, Shea and co-workers developed an interesting class of nanoparticles (NPs) imprinted under precipitation polymerization. The NPs are10-100 nm in size, potentially containing a wide range of FMs. [23] NPs imprinted against mellittin (the major component of bee venom) could bind the toxin with a Kd of 7.3-25 pM, comparable to that by a natural antibody. [23] The exceedingly high affinity and low toxicity of the materials enabled them to be used in living mice to remove the toxin from the bloodstream. [24] Interestingly, nonimprinted NPs could also be used for similar purposes, as long as they had the appropriate FMs. [25] Using a fatty acid acyl chain to anchor peptides at the interface of inverse microemulsion, the same group prepared MIP NPs with strong binding (Kd = 90-900 nM) for hydrophilic peptides. [26] In addition to water-soluble NPs, [23] [24] 27] chemists also studied other platforms for peptide imprinting. By surfaceimprinting functionalized diacetylene-containing vesicles, aner ee and nig obtained materials selective for peptides containing zinc-binding side chains. [28] The interesting feature of these materials is the reporting of the binding by the fluorescent polydiacetylene, making the imprinted vesicles useful peptidesensors.
The selected examples of peptide-binding materials discussed above showed that synthetic receptors could be prepared with high affinity for some peptides and these receptors could have useful biological applications if biocompatibility and high enough binding affinities were achieved. The research also highlights the need for developing more general methods for peptide recognition, applicable to small and large peptides, regardless of their sequence. Accurate differentiation of closely related side chains remains to be demonstrated.
An ideal synthetic peptide receptor should recognize the length of the peptide backbone and, more importantly, the side chains. Its synthesis and purification should be easy to perform, even better by scientists without substantial training in chemistry. Aqueous compatibility is key to biological applications. Chemical and thermal stability are desirable, to allow them to be used where natural peptide receptors such as antibodies would denature.
Micellar Imprinting
Our group recently reported a method of molecular imprinting within doubly cross-linked surfactant micelles (Scheme 1). [29] The method was enabled by our earlier success in covalently capturing tripropargylammonium-based surfactant micelles by the Cu(I)-catalyzed cycloaddition between terminal alkyne and azide. [30] Micelles are usually highly dynamic assemblies of surfactants in water with a lifetime of milliseconds. [31] Exchanges of surfactants between micelles are diffusion-controlled. For these reasons, although chemists have tried to polymerize micelles by free radical polymerization several decades ago, it has been difficult to confine the polymerization within the micelle. [32] Nonetheless, the highly efficient click reaction between the tripropargylammonium headgroup of the cross-linkable surfactant 1 and the water-soluble diazide 2 captured the micelle very effectively. [33] For molecular imprinting, we added a polymerizible methacrylate group to the surfactant at the end of the hydrophobic tail and solubilized the template molecule, divinylbenzene (DVB, a free-radical cross-linker), and a small amount of 2,2-dimethoxy-2-phenylacetophenone (DMPA, a photo initiator) with the micelle. We normally kept a 1:1.2 ratio between surfactant 1 and diazide 2. Thus, at the end of the click reaction, there would be plenty of alkyne left on the surfacecross-linked micelle (SCM). Another round of click reaction with monoazide 3 decorated the SCM with a layer of hydrophilic ligands.
Free radical polymerization/cross-linking was then initiated within the surface-functionalized SCM by UV irradiation. This was the key step for molecular imprinting as the polymerization/cross-linking "solidified" the micellar core around the template. Judging from the excellent selectivities of our MINPs for minutely different features of peptides (vide infra), the free radical polymerization within the confined nanospace must be extremely facile and formed the template-shaped binding site in high fidelity. When we studied the binding selectivities of MINPs generated for several nonsteroidal anti-inflammatory drugs (NSAIDs), the cross-selectivities between very similar structures were as good as those reported for polyclonal antibodies that took months to produce. [34] Monosaccharides and oligosaccharides that differed by the stereochemistry of a single hydroxyl were also differentiated with ease by boronic acidfunctionalized MINPs.
[35]
MINPs are water-soluble nanoparticles ca. 5 nm in diameter, shown by DLS and TEM. One of their highlights was their facile preparation. The entire synthesis was a one-pot reaction over 2 days at room temperature in water (provided that the surfactant, cross-linker, and template are available), without any special techniques. Equally important was the extremely e a s y p u r i f i c a t i o n . The nanoparticles were precipitated from acetone after the corecrosslinking, due to the sugar-derived surface ligand 3. Repeated washing by methanol/acetic acid and methanol completely removed the template (as shown by fluorescence spectroscopy) and afforded the final MINPs in > 80% yields. Their solubility in water (and selected organic solvents such as DMF) enabled us to study their binding directly by fluorescence titration and isothermal titration calorimetry (ITC), methods typically used for small-molecule receptors. MINP(4a), i.e., MINP imprinted against template 4a, was found to distinguish its structural analogues (4b, 4c, and others) easily, provided that a sufficient amount of DVB (1 equiv to 1) was used to maintain the rigidity of the structure. [29] The binding constant (Ka) for 4a was 3.7 × 10 6 M -1 in 50 mM Tris buffer. [36] Unlike conventional MIPs, the MINP possessed an controllable number of binding sites. The micelle aggregation number of 1 was 50. A ratio of 1:50 between the template and the cross-linkable surfactant afforded MINPs with an average of one binding site per nanoparticle. A ratio of 1:25 yielded two independent binding sites with similar binding affinities, as revealed by ITC. Thus, the same hydrophobic and electrostatic interactions were behind all these binding events, regardless of the number of binding sites. [29] 
Hydrophobic Coding of MINP Receptors
The above results demonstrated that imprinted hydrophobic pockets in the cross-linked micelles can be highly discriminating, with regard to the size and shape of the hydrophobic guests. We reasoned that the side chains of amino acids had different degrees of hydrophobicity. Even for common hydrophobic amino acids such as leucine, isoleucine, and tryptophan, their side chains differ in size, shape, and hydrophobicity. In this way, a "hydrophobic code" exists with each peptide that describes the number, size, shape, and distribution of its hydrophobic side chains. If we can create a complementary array of hydrophobic indentations or "dimples" on the MINP to match this code, we essetnially encoded the MINPs with the complementary supramolecular information for the peptide and should have a strong and selective receptor for the imprinted peptide. The method should be general, as long as a peptide possesses sufficient hydrophobicity.
The question is whether the MINP binding site has the kind of resolution needed for distinguishing the subtly different hydrophobic side chains. Although good selectivity was achieved for bile salt derivatives [29] and aromatic sulfonates, [37] these hydrophobes were much larger than most of the side chains of amino acids. The results turned out much better than what we had anticipated. [38] We initially examined tryptophan-containing peptides (WWGG, GWWG, WGWG, and WGGW) because the amino acid had the largest hydrophobic side chain. Because hydrophobic interactions were the main driving force in most MINP binding, [29] we expected the positions of the tryptophans to play a critical role in the binding selectivity. Indeed, WGWG, and WGGW were bound very weakly by MINP(WWGG). Because WWGG and GWWG both have the two hydrophobic side chains right next to each other, we had thought it would be difficult for the MINP to distinguish the two. Yet, the binding of GWWG by MINP(WWGG) (Ka = 1.99 × 10 6 M -1 ) was nearly 5 times weaker than that of the template (Ka = 9.7 × 10 6 M -1 ). Hence, even the glycine (G), which lacks a hydrophobic side chain, affected the binding. Most likely, the hydrophilic groups such as the amides and the carboxylate of the peptides engaged in hydrogen bonds and electrostatic interactions with the MINP. These interactions probably played secondary roles in the binding and selectivity of the MINP receptor. The selectivity for other hydrophobic side chains was excellent. As shown in Table 1 , MINP(FF) bound its template most strongly among related dipeptides. Alanine-and isoleucine-replacement lowered Ka to 5% and 2% of the original value (Krel, entries 2 and 3). Interestingly, leucine (entry 4) was tolerated much better than isoleucine (entry 3), despite their similarity. The selectivity between leucine and isoleucine suggests that the MINP had a very strong shape-memory for the template. The benzyl group of phenylalanine has a primary carbon bonded to the α carbon of the amino acid, followed by a secondary carbon on the phenyl ring ( Figure 1 ). This pattern is also found in leucine. Isoleucine, on the other hand, has a secondary carbon bonded to the α carbon. The large difference between leucine and isoleucine suggests that the micellar imprinting faithfully reproduced the hydrophobic imprints (i.e., pockets) for the two benzyl groups, to the extent that a misplaced methyl could be detected. We suspect that the free radical polymerization/cross-linking in the confined nanospace of micelles might have fixed the core of the micelle extremely rapidly, helpful to the imprinting.
As shown in Table 1 , the larger tryptophan (W) and tyrosine (Y) were easily distinguished, as well as Boc-FF that carried an extra hydrophobic group. Apparently, exposing a large t-butyl group to water while keeping the other two benzyl groups in the binding pockets was considered a bad idea by the MINP.
An interesting but anticipated feature of MINP is that a binding site created for a larger hydrophobic group can bind a smaller group (albeit with a lower affinity) but the reverse is not true (compare entries 7 and 9). Similar observations were made in MINPs generated for other types of guests. 
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To test the selectivity of the MINPs for these biological peptides, we performed a stringent cross reactivity test. When the five peptides (5-9) were titrated into MINP (5) solution, only the templating peptide was shown to bind by ITC while all the other peptides were completely silent (Figure 2a ). In the reverse cross reactivity test, when peptide 6 was titrated with all five MINPs, only the expected MINP(6) showed a response ( Figure  2b) . These experiments not only highlighted the specificity of the MINPs but also ruled out nonspecific binding-which is always a concern for hydrophobically driven molecular recognitionplaying a significant role in the binding. 
Expansion of the Supramolecular Codes
Thus, an array of complementary hydrophobic "dimples" could be highly discriminating, even though hydrophobic interactions themselves are nodirectional and nonspecific. However, not every biological peptide has multiple hydrophobic side chains. For hydrophilic peptides, although the secondary binding interactions mentioned above could still be functioning, the binding is expected to be significantly weaker. Can we code the MINP with additional binding groups that use specific noncovalent interactions such as hydrogen bonds for the binding? Combination of hydrophobic interactions and hydrogen bonds is certainly a strategy that nature uses in biomolecular recognition.
We decided to target the acidic side chains of glutamic and aspartic acids first. [39] Thiouronium ions 10 and 11 could be easily synthesized. Similar to guanidinium and related cationic salts, [40] they could form hydrogen bond-reinforced salt bridges with carboxylates, either at the C-terminus or on the side chain.
These amphiphilic FMs could be used directly in our MINP preparation. The relatively high pKa of S-alkylthiouronium (~9.8) [41] and low pKa of the acidic side chains of peptides (~4) suggest that the thiouronium-carboxylate salt bridge could form over quite broad a range of pH. The FMs turned out excellent for the imprinting of acidic peptides. [39] Compound 11 worked better than 10 due to its higher hydrophobicity that helped its incorporation into the micelle. A 1.5:1 ratio of the thiouronium to carboxylates was optimal. For tripeptide WDW, which contained two carboxylates (one on the aspartic side chain and one at the C-terminus), FM 11 produced MINP that bound the template with a Ka = 8.27 × 10 6 M -1 vs 1.52 × 10 6 M -1 for that produced without the thiouronium FM. When we varied the number of hydrophobic residues (W) and acidic groups (D), an increase in the number of tryptophan strengthened the binding between the peptide and its MINP, with or without FM 11. For GDG, GDW, and WDW, all having the same number (2) of carboxylates, the inclusion of 11 enhanced the binding by 3-9-fold in comparison to the parent MINPs (i.e., MINPs prepared without specific FMs). When the number of tryptophan was kept at 2 and the number of potential salt bridges increased from 2 to 4, the FM increased the Ka by 5-15 times. The enhancement generally was less significant as the peptide became more hydrophobic. The result is reasonable because a large (hydrophobic) driving force already exists for the binding of very hydrophobic peptides, making additional noncovalent forces less important.
What is more important is that, in addition to the enhancement of binding affinity, the selectivity in the binding could also be improved with the thiouronium FM. The most unusual result in MINP(WDW) prepared without FM 11 was the stronger binding of WNW than the templating peptide ( Figure 3 , blue bar). Such a result normally is considered failure in molecular imprinting and was attributed to the similarity of asparagine (N) and aspartic acid (D) and their different behaviors in the imprinting and binding. [39] More specifically, the imprinting and binding of WDW had to deal with conflictory preferences of the ionic and hydrophobic side chains for the surface and the nonpolar micellar core, respectively. Being extremely similar in structure to WDW, WNW could occupy the binding site created after WDW. Meanwhile, its tryptophans could optimize the hydrophobic interactions with the binding pockets, without the constraint set by the aspartic acid ionic side chain. To our delight, when MINP(WDW) was encoded with 11, not only did the binding affinity improve, its selectivity also saw some interesting changes. Selectivity for most other peptides was maintained, while WNW no longer displayed unseemly stronger binding than the template (Figure 3, red bars) . Thus, once the aspartic acid side chain was made to participate in the specific carboxylate-thiouronium salt bridge, this residue became an important contributor to the binding selectivity (as well as to the affinity). For the two similar acidic amino acids (glutamic and aspartic acid), up to 2:1 selectivity could be obtained in the context of WXW.
Peptides rich in basic residues such as lysine and arginine play important roles in biology. Their cationic charges help them bind negative groups on cell membranes. Appropriately positioned hydrophobic side chains allow the peptides to undergo conformational changes during interactions with membranes, either lysing the cell as in antimicrobial peptides [42] or crossing the membrane as in cell-penetrating peptides. [43] To target the basic side chains, we encoded the MINPs with azacrown derivative 12. [44] Although competition from solvent often makes hydrogen bonds ineffective for molecular recognition in water, the hydrophobic microenvironment of a micelle is fortunately known to strengthen hydrogen bonds. [45] In our hands, the azacrown was effective in the cross-linked micelles to bind the primary amines at the N-terminus and on the side chain of lysine (K). The guanidinium group of arginine (R) worked even better, with its abundant hydrogen-bond donors interacting with the many hydrogen-bond acceptors on 12. The optimal ratio between the FM and the amino/guanidinium group was 1:1. Figure 4 shows that FM 12 generally improved the selectivity of the parent MINP(KWW) for many analogous peptides, except for RWW, whose guanidinium had a particular preference for the azacrown as noted above. Fortunately, a reasonable selectivity (ca. 2:1) of KWW over RWW could be achieved without the FM, in the parent MINP (red bar). Overall, our functionalized MINPs worked very well for biological peptides containing multiple acidic or basic side chains ( Figure 5 ). Tens of nanomolar of binding affinity were achieved for many peptides, with as many as 18 residues. Cationic micelles are known to be slightly basic on their surface when the bulk solution is neutral, as a result of their electrical potential. [46] MINP, being a polycation, could do the same. [47] The added bonus of this feature is the binding of peptides was found to be quite stable over different pHs, even for peptides rich in acidic and basic side chains. [39] CONCEPT Figure 5 . Binding data for selected biological peptides with their corresponding MINPs, with the targeted functional groups highlighted in color.
Conclusions and Outlook
Micellar imprinting provides a unique solution to the longstanding problem of sequence-selective recognition of peptides in water. The cross-linked micelles can be encoded with a wealth of supramolecular information simultaneously by the imprinting process. First, the template polymerization in the nanospace of the micelles creates hydrophobic "dimples" with high fidelity to accommodate the hydrophobic side chains. This hydrophobic coding of the MINPs provides the background driving force to the molecular recognition in water, as well as excellent selectivities among closely related side chains such as leucine/isoleucine and phenylalanine/tyrosine. Second, MINPs can be further encoded with specific binding groups for the acidic and basic side chains of peptides. In most cases, both the binding affinity and selectivity saw improvements, sometimes significantly. Third, the rest of the MINP contains additional hydrogen-bonding groups including triazole, hydroxyl, and ester. Although their interactions cannot be defined as precisely as the above two supramolecular codes, the imprinting process optimized them for the peptide backbone and the side chains. These secondary interactions could play important roles as well. For example, when MINP was prepared without any special FM for GDG, a highly hydrophilic tripeptide, a binding constant of Ka = 0.53 × 10 5 M -1 was obtained in water. [39] This -6.4 kcal/mol of binding free energy should come from these secondary hydrogen-bonding and electrostatic interactions. MINPs are easily prepared and purified. The high crosslinking density makes them resistant to high temperatures and organic solvents. [48] They are protein-sized and fully soluble in water. Their surface can be decorated with all kinds of (hydrophilic or hydrophobic) ligands by the click reaction.
[30a, 49] They may carry fluorescent groups to allow easy tracking and imaging. [37] Similar cross-linked micelles were shown to permeate cell membranes readily.
[30c] Different cross-likable surfactants could be designed and synthesized, [50] to provide further opportunities of hydrogen bonds or alter the surface charge if needed. These features make them an extremely versatile class of materials, highly promising for chemical and biological applications.
